A magnetic ionic liquids (MILs)-based aqueous two-phase system (MIL-ATPs) obtained by mixing with a series of inorganic salts, which involves five cholinium MILs with the piperidinyloxy radical anion is reported for the first time. Phase diagrams for the new ATPs were experimentally determined at different temperatures (298.15-318.15 K) and the liquid-liquid equilibrium data for two-phase systems were correlated according to the empirical nonlinear expression. The effects of the types of MILs, temperature and inorganic salts on the binodal curve are discussed in detail. The MIL-ATPs coupled with HPLC-UV analysis was developed in the quantitation of berberine hydrochloride in Rhizoma coptidis. Under optimal conditions, the partition coefficient of berberine hydrochloride was 127.68 with the precision values (RSD%) of 1.40% and 2.83% for intra-day (n ¼ 6) and inter-day (n ¼ 3), respectively. The limit of detection (LOD) and limit of quantification (LOQ) for berberine hydrochloride were 0.023 mg L À1 and 0.077 mg L
Introduction
Rhizoma coptidis is a kind of medicinal plant that grows widely in China. Its main active ingredient is berberine, which is usually applied in clinic preparations as an antidiarrheal, antiinammatory and antimicrobial constituent.
1,2 More importantly, it has been found that berberine can induce apoptosis and inhibit human neuroblastoma cell growth. [3] [4] [5] [6] In the last few decades, the conventional extraction and separation methods for berberine have primarily been performed by using organic solvent extraction, ultrasound-assisted extraction and supercritical uid extraction. 7, 8 Moreover, some functional nanoparticles have been used for the selective extraction of berberine in recent years. 9, 10 However, these extraction techniques have some limitations and disadvantages such as high cost/ consumption, low extraction efficiency, or long extraction time. Therefore, more and more researchers are focusing on improving and optimizing the extraction and separation techniques for the extraction of active components from natural products. Among them, the aqueous two-phase system (ATPs) is known as an economical and efficient extraction/(re) concentration/purication technique, which has been popularly applied in the study of various bioactive compounds, such as proteins, 11 metal ions, 12 antibiotics, 13 dyes 14 and so on. In fact, it is a liquid-liquid process capable of separating these target compounds. Compared with conventional extraction methods, ATPs is more environmentally benign and does not use any harmful volatile organic solvents in the entire process. In 2003, Rogers and co-workers found that ionic liquids (ILs) could be used to form ATPs by mixing with inorganic salts, and the ILs-based ATPs have many advantages such as short phaseformed time, low viscosity, little emulsion, good recyclability and environmental friendliness. 15 In the past few years, ILs-ATPs have attracted the attention of more and more researchers. Among them, the imidazoliumbased ILs-ATPs have been the most reported by many research groups. By virtue of the above advantages, they have been successfully applied to the extraction of many bioactive molecules and drugs, [15] [16] [17] [18] [19] [20] [21] and can pull target constituents into the top or bottom phase and avoid the interference of impurities in the determination of target compounds. Innovation in this eld mainly originates from two aspects, namely, the new extraction mode, or new ILs with special structures and properties. The former is like the research of Zhang and co-workers, 22 and the alkaloids from Sophora avescens were extracted and puried based on the microwave-assisted aqueous two-phase extraction. As for the latter, our group has recently found that tropiniumbased and quinolinium-based ILs can form ATPs when mixed with salts, and they were employed in the extraction of bioactive ginseng saponins and 99.5% extraction efficiency was obtained. 23 Cholinium-based ILs are environmentally friendly phase-forming candidates. [24] [25] [26] More importantly, a previous study also indicated that this kind of ILs possesses remarkable biodegradability as well as lower toxicity. 27 As a successful example, the ATPs composed of polyethylene glycol (PEG) and cholinium-based salts have also been successfully applied in the extraction of tetracycline from fermentation broth with extraction efficiency >80%. 28 Furthermore, more and more liquid-liquid equilibrium data from ionic liquids/water aqueous two-phase systems are being measured and correlated with empirical equations, which lays the solid foundation for their broader application in separation science.
Remarkable progress has been made in the eld of magnetic ILs (MILs), 29 and the related aqueous two-phase systems (MILATPs) are stimulating interest. 30 Under the effect of an external magnetic eld, the phase assembly and separation become more time-saving and easier, which make these systems superior to the common IL-ATPs. However, new MILATPs with various phase behaviours have scarcely been reported so far and their application for more bioactive natural products in herbal samples is expected. In order to realize the efficient extraction of berberine hydrochloride in Rhizoma coptidis, the structure and properties of MIL are very crucial. In our preliminary screening, it was found that the MILs containing the popular imidazole cation or the Fe(III) anion cannot form ideal ATPs. According to our recent investigation on the related properties and solubility behaviour of cholinium-based MIL, 31 the combination of this kind of MIL and ATPs was nally selected to achieve satisfactory performance for target analytes. ATPs formed by this kind of MILs can achieve ideal phase assembly and separation, while the cation with small volume can result in stronger magnetism. Based on the above research background, ve cholinium-based organic magnetic ionic liquids have been prepared to develop the MIL-ATPs coupled with HPLC-UV in the application of herbal analysis. The ATPs were explored by mixing with inorganic salts, including K 3 PO 4 , K 2 HPO 4 , K 2 CO 3 , K 3 C 6 H 5 O 7 and Na 3 C 6 H 5 O 7 . Furthermore, related binodal curves were correlated according to the empirical nonlinear expression. The effects of the types of MILs, inorganic salts and temperature on the phase diagram and tielines are discussed, and the above MIL-ATPs coupled with highperformance liquid chromatography (HPLC) have been successfully applied to the extraction and quantitation of berberine hydrochloride in Rhizoma coptidis. The extraction process was optimized using the single factor experiment, and the adsorption of MIL on resin for its reuse was also studied.
Experimental section

Material and reagents
All reagents and solvents were of analytical grade or higher. Ethanol, acetone, dichloromethane, silver nitrate, hydrochloric acid, phosphoric acid, K 3 PO 4 , K 2 HPO 4 , K 2 CO 3 , Na 3 C 6 H 5 O 7 and K 3 C 6 H 5 O 7 were purchased from Kelong Chemical reagents factory (Chengdu, China). 4-Hydroxy-2,2,6,6-tetramethyl piperidine 1-oxyl free radical (piperidinyloxy radical, 4-OH-TEMPO), chlorosulfonic acid, bromoethane, bromopropane, bromobutane and bromopentane was purchased from Aladdin Chemical reagent Co. Ltd. (Shanghai, China). The standard compound berberine hydrochloride (purity $ 99%) was purchased from Mansite Bio-Technology Co. Ltd. (Chengdu, China).
Apparatus
All samples were weighed accurately using an ESJ200-4A electronic analytical balance (Longteng Electronic Co. Ltd., Shenyang, China) with uncertainty of AE0.0001 g. A CY20A water thermostat (Boxun Industry & Commerce Co. Ltd., Shanghai, China) with an uncertainty of AE0.05 K and a DC-0506 lowconstant temperature bath (Hengping Instrument and Meter Factory, Shanghai, China) with an uncertainty of AE0.05 K were applied to maintain the specic temperature of the system. Quantitative analysis was performed on a high-performance liquid chromatographic instrument equipped with a 250 mm Symmetry C 18 column (4.6 mm, Welchrom, Shanghai), a UV1201 detector and the EC2006 workstation (Elite Instrument Co., Ltd., Dalian, China). An N35 type neodymium magnet (Anpei Magnetic Industry Co. Ltd., Shanghai, China) was used in the experiment.
Preparation of cholinium-based organic magnetic ionic liquids
The cholinium-based organic magnetic ionic liquids were prepared according to the previously reported literature. 
Phase diagrams and tie-lines
Firstly, phase diagrams of ve magnetic ionic liquids (MILs) were constructed using binodal curves, which were determined using the cloud point method by titration. 32 The specic operation process was described as follows: a certain amount of the MIL was precisely weighed and placed into a colorimetric tube, then a known mass of the double-distilled water was added. A mixer was used to disperse the blend solution by stirring at high speed. The colorimetric tube was immersed in a jacketed glass vessel, and the temperature of the system was determined at T ¼ (298.15, 313.15 and 333.15) K. An inorganic salt solution of known mass fraction was then added drop-wise into the above homogeneous MIL solutions using an injection syringe until a turbid or cloudy system was obtained and a biphasic region appeared; the rst binodal data point was obtained by recording the composition of this mixture. Subsequently, redistilled water was added drop-wise into the colorimetric tube to regain the clear one-phase system, and the above procedure was repeated multiple times and the related data were used to develop a complete binodal curve. The binodal curve was correlated according to the empirical nonlinear expression proposed by Merchuk:
where w 1 and w 2 are the mass fractions of the MILs and salts, respectively; a, b, and c are constants obtained by the leastsquares regression of the experimental binodal data. The tie lines were determined by a gravimetric method and the phase diagram data were obtained from eqn (1) . 33 The specic process was as follows: a mixture at the biphasic region was prepared by mixing an appropriate mass of MIL (m 1 ), salt (m 2 ), and water (m 3 ) in a vessel, which was placed in a thermostated bath for 1 h with continuous stirring. The mixture was then centrifuged at 8000 rpm for 10 min to achieve a complete phase separation the investigated systems were again placed in the thermostated bath. Aerwards, related samples obtained from the top and bottom phases were carefully weighed and their masses were marked as m t and m b , respectively. On the basis of eqn (1) and the lever rule, the compositions of the top phase and bottom phase together with the total system at equilibrium were calculated using the eqn (2)-(5) via the MAT-LAB soware (MathWorks, Natick, USA). [34] [35] [36] The tie-line length (TLL) and the slope of the tie-line (S) were also calculated using eqn (6) and (7) as shown below:
where w (1) and salt (2) in the top phase (t) and bottom phases (b), respectively.
Extraction with MIL-ATPs
The extraction experiments for berberine hydrochloride were designed based on the magnetic ionic liquid-based aqueous twophase system (MIL-ATPs) and the obtained phase equilibrium data. In this study, a specic amount of MILs was placed into a 10 mL tube and mixed with a known concentration of berberine hydrochloride aqueous solution. Aerwards, a known amount of inorganic salt was added to the solution to form MIL-ATPs. The system was then placed in a water bath at constant temperature for a period of time, and the MIL phase (top phase) was separated by a magnet aer thorough extraction. Finally, the concentrations of berberine hydrochloride at both the top phase and bottom phase were determined by HPLC. The upper phase (nearly 0.1 mL) was diluted with redistilled water to 10 mL before it was injected into the HPLC for eliminating the matrix effect and getting the berberine concentration in the linear range of the work curve. The extraction efficiency (E) and the partition coefcient (K) were calculated according to the following equations:
where C t (mg mL À1 ) and C b (mg mL À1 ) are the concentrations of berberine hydrochloride at the top phase and bottom phase, respectively. V t (mL) is the volume of the top phase and m (mg) is the total mass of berberine hydrochloride.
Quantitative analysis of berberine hydrochloride
HPLC was used to determine the content of berberine hydrochloride in the sample solution. Related analytical conditions were as follows: the mobile phase consisted of 0.1% (V/V) phosphoric acid aqueous solution-methanol (70 : 30); the ow rate was 1.0 mL min À1 ; injection volume was 20 mL; column temperature was maintained at 25 C; the detection wavelength was set at 345 nm according to a previous report. 37 The calibration curve was performed by applying standard berberine hydrochloride solution at different concentrations (0-40 mg mL À1 ). As a result, the content of berberine hydrochloride was dened as its amount (mg) determined by HPLC from a unit mass of dry herbal material (g) aer extraction. (Table  S1 †). The binodal experimental data were correlated according to eqn (1) . The values of parameters a, b and c together with the corresponding standard deviations (SD) are presented in Table  S2 , † and the phase diagrams are shown in Fig. 1(a) . The results indicate that the phase separation ability of the investigated MILs increase with the elongation of the carbon chain. Based on the structural similarity between ILs and surfactants, it was also found that MILs, just like some surfactant molecules, would self-assemble into aggregates in aqueous solution above the critical micellar concentration, 38 which can realize partitioning of the target analyte into the magnetic-based IL. In general, the aggregates are globular micelles, which will speedily gather along one direction under appropriate conditions (e.g. external magnetic eld). For the imidazolium-based ionic liquids, it was found in a previous study that the longer the alkyl chain on the cation, the higher their ability for phase formation. 36 This basic trend is consistent with our ndings in this study. In general, the hydrophobicity of the IL will become stronger when the carbon chain is longer. The formation of MIL-ATPs is a process of the competition between MIL and inorganic salts for water molecules. The affinity of the inorganic salt towards water increases with the increase in the hydrophobicity of MILs. Therefore, the elongation of the cation carbon chain for MIL makes water transfer preferable from the top phase to the bottom phase, which results in the increase in the MIL concentration and the decrease in the salt dosage for the formation of ATPs. That is to say, the phase-formation ability of MILs grows stronger with the elongation of the cation carbon chain for MILs.
Results and discussion
The tie-line compositions, including tie-line length (TLL) and the slope of the tie-line (S) were obtained from eqn (2)- (7), and their values are listed in Table S3 . † These experimental data are correlated by the Othmer-Tobias (eqn (10)) and Bancro (eqn (11)) equations, which are given as follows: (10) and (11) with the corresponding correlation coefficient values (R 2 ) are listed in Table S4 . † The tie-lines for ve MILs (1) + K 3 PO 4 (2) + water (3) systems with the same phase composition are compared and illustrated in Fig. 1(a) . As shown in Table S3 , † it is obvious that the tie-line length increases with the elongation of Othmer-Tobias cation alkyl chain length. 3.1.2 The effect of inorganic salts on binodal curves. In order to explore the effect of different salts on the phase behavior of MILs and obtain the ideal ATPs, the binodal curve data for the MIL [N 1 1 5 2OH ] [TEMPO-OSO 3 ] (1) + salts (2) + water (3) MIL-ATPs were investigated and listed in the ESI † (Table  S5 †) . Similarly, the binodal experimental data were correlated according to eqn (1) . The values of parameters a, b and c along with the corresponding standard deviations (SD) are given in Table S2 , † and the phase diagrams are shown in Fig. 1(b) .
The phase diagrams can provide relevant information about the concentrations of MILs and salts required to form aqueous two-phase systems. The larger the two-phase region is, the stronger the ability of the inorganic salt to induce the MIL-ATPs formation. 35 As shown in Fig. 1(b 
39,40
These anions exhibit a strong interaction with water molecules, which is benecial to the MIL-ATPs formation. Many studies have shown that the salting-out ability can be related to the Gibbs free energy of hydration (D hyd G) of the salt ions. [41] [42] [43] Furthermore, there is also evidence that increasing entropy is the driving force for the two-phase formation. 44 For these salting-out inducing ions (also known as kosmotropes), the increase in the entropy of hydration (D hyd S) can result in the dehydration of the solute and the increase in the surface tension. [45] [46] [47] The absolute values of D hyd G and D hyd S for anions are in the order of PO 4
). 48 The abovereported results are in accordance with the order of the saltingout ability of anions. Among the investigated anions, the strongest salting-out inducing anion is PO 4 3À , which was also observed by others. 49 This is attributable to the higher valence of PO 4 3À compared to other anions. 35 Compared with the two-phase region of Na 3 C 6 H 5 O 7 and K 3 C 6 H 5 O 7 , it was found that the saltingout ability of cations follows the order: Na + > K + for the citratebased salts, which is accordant with the literature. 50 Similarly, the absolute values of D hyd G and D hyd S for Na + and K + are in the order Na
). The effect of cations on the salting-out ability for cholinium-based MILs follows the Hofmeister series.
48 Additionally, the same order of salting-out ability of ve inorganic salts was also observed for the four other MILs in this study. The tie-line compositions, including tie-line length (TLL) and the slope of the tie-line (S) are listed in Table S3 . † The values of these tting parameters of eqn (10) and (11) with the corresponding correlation coefficient values (R 2 ) are listed in Table S4 . † 3.1.3 The effect of temperature on binodal curves. The effect of temperature on the phase-separation ability of MILATPs was investigated and is illustrated in Fig. 1(c) . listed in Table S6 . † The binodal experimental data were correlated according to eqn (1) . The values of parameters a, b and c together with the corresponding standard deviations (SD) are given in Table S2 . † As shown in Fig. 1(c) , the two-phase region for the MIL [N 1 1 5 2OH ] [TEMPO-OSO 3 ] + K 3 PO 4 + water system shows a slight increase with the increase in temperature, which indicates that high temperature is benecial to the formation of MIL-ATPs. The formation of an aqueous two-phase system is essentially attributed to the diversity of the hydrate-forming ability for salt and MIL. In the two components, the salts have the stronger hydration ability and are usually considered as the kosmotrope (water structure-maker), and the other (MIL) is described as the water structure-breaker. 51 The possible reason is that the hydration ability of the salt K 3 PO 4 increases with an increase in temperature. As a result, water is driven preferably from the MIL-rich phase to the salt-rich phase, which improves the phase-separation ability. Another possible reason is that the MIL-solvent interaction decreases with an increase in temperature, which leads to the decrease in the solubility of MIL in water and facilitates the formation of MIL-ATPs. This phenomenon is consistent with that observed in other aqueous two-phase systems. 52, 53 Interestingly, the phase-forming ability of some ionic liquids, such as imidazolium-based ionic liquids, 54 pyridinium-based ionic liquids 55 and amino acid ionic liquids 56 decreases with increasing temperature, which is opposite to our results. The tie-line compositions, including tieline length (TLL) and the slope of the tie-line (S) are listed in Table S3 . † The values of these tting parameters of eqn (10) and (11) with the corresponding correlation coefficient values (R 2 )
are listed in Table S4 . †
Extraction of berberine hydrochloride in MIL-ATPs
Effect of different MILs.
The effect of ve MILs on the partition coefficient (K) and extraction efficiency (E) of berberine hydrochloride was investigated and the results are shown in Fig. 2(a) . A certain amount of MILs (0.5 g, 10%) was dissolved in a certain volume of distilled water. Then, 1.5 g of K 3 PO 4 was added to make the mass ratio up to 30%. Finally, 2 mL solution of berberine hydrochloride with the concentration of 0.5 mg mL À1 was added to the mixture. As shown in Fig. 2(a) , both the partition coefficient and extraction efficiency increase with the elongation of the alkyl chain on the cation. The result is related to the phase separation ability of MILs, while the intermolecular force also makes MIL have a strong dissolving ability for the target alkaloid. As previously mentioned in Section 3.1.1, the phase separation ability of ve MILs can increase when the carbon chain becomes longer. The trend is consistent with the partition coefficient and the extraction efficiency of berberine hydrochloride. Another possible reason is that berberine hydrochloride can dissolve in ILs by the electrostatic interaction of the anion [TEMPO-OSO 3 ] À with the electron-decient pyridine ring in its structure. The electrostatic interaction can be strengthened by the elongation of alkyl chain on the cation, which makes the MIL with the longer alkyl chain have the better extraction efficiency for berberine hydrochloride. Additionally, the hydroxyl and benzene ring are conducive to the formation of hydrogen bonds and dispersion interactions, respectively. Fig. 2(b) . In the case of using K 3 PO 4 , K 2 HPO 4 , K 2 CO 3 and K 3 C 6 H 5 O 7 , ATPS was formed under the condition of 1.5 g-salt/0.5 g-MIL/3 mL-water. The effect of the salts on the extraction of berberine hydrochloride followed the order of K 3 PO 4 > K 2 HPO 4 > K 2 CO 3 > K 3 C 6 H 5 O 7 , which was in agreement with the phase-separation ability of these four inorganic salts. In summary, the stronger the phase-forming ability is, the better the extraction effect is. The stronger phase-forming ability leads the MIL to preferably transfer from the bottom phase to the top phase, which can result in the increase in the amount of berberine hydrochloride at the top phase. On the other hand, the effect of salt types on the partition coefficient is more signicant than that on extraction efficiency, and it can also be found in the above and following studies for other inuencing factors.
3.2.3 The effect of the weight percent of MIL. In order to determine the effect of the MIL amount on the partition coefcient and extraction efficiency of berberine hydrochloride at room temperature, the different weight percents of the MIL [N 1 1 5 2OH ] [TEMPO-OSO 3 ] with 30 wt% K 3 PO 4 were tested (see Fig. 2(c) ). The results can prove that both the partition coefficient and the extraction efficiency of berberine hydrochloride can become higher by increasing the amount of the MIL until extraction saturation. At the earlier stage, the extraction efficiency of berberine hydrochloride increases along with the increasing amount of MIL, which could be attributed to the greater number of MIL available for berberine hydrochloride at a larger amount of the MIL. When the weight percent of MIL is more than 8%, no signicant change is observed. However, the partition coefficient of berberine hydrochloride showed an initial increase, followed by a slight decrease. This is mainly because the volume of the top phase and the bottom phase increases and decreases, respectively, with the increasing amount of the MIL. The partition coefficient and extraction efficiency simultaneously reach the maximum value at the weight percent of 8 wt% MIL.
3.2.4 The effect of the weight percent of K 3 PO 4 . According to the phase equilibrium behavior in Section 3.1, the effects of K 3 PO 4 at different weight percents (20, 22, 24, 26, 28, 30, 34 and 38 wt%) on the partition coefficient and extraction efficiency of berberine hydrochloride were studied. The weight percent of the MIL was kept constant at 8 wt% of [N 1 1 5 2OH ] [TEMPO- OSO 3 ] in all experiments. The results obtained from the inu-ence of salt on the berberine hydrochloride partitioning are shown in Fig. 2(d) . It was observed that the weight percent of salt has a signicant effect on the partition coefficient and extraction efficiency of berberine hydrochloride; both of them increase and then decrease with the increasing weight percent of K 3 PO 4 . The berberine hydrochloride prefers to exist in the top phase (MIL-rich phase) for its strong interaction with MIL. Moreover, the increase in the weight percent of K 3 PO 4 facilitates the formation of two phases, which helps the MIL transfer preferably from the salt-rich phase to the MIL-rich phase. Therefore, the partition coefficient and extraction efficiency will become higher when the weight percent of K 3 PO 4 increases. However, they reach the maximum value at the weight percent of 30 wt% K 3 PO 4 . When the weight percent of K 3 PO 4 is beyond 30 wt%, the partition coefficient and extraction efficiency decrease with the further increase in K 3 PO 4 . This is ascribed to the ion intensity of the system increasing continuously so that the tendency of berberine hydrochloride towards the bottom phase increased, which led to the decrease in the partition coefficient and extraction efficiency. Therefore, 30 wt% of K 3 PO 4 was chosen as the weight percent of salt for the extraction of berberine hydrochloride.
3.2.5 The effect of the concentration of berberine hydrochloride. Fig. 3(a) Fig. 3(b) . It was found that both the partition coefficient and the extraction efficiency of berberine hydrochloride become higher when the extraction time increases from 0 min to 10 min. However, a further increase in the ultrasonic extraction time can result in a slight decrease in the partition coefficient. This phenomenon can be explained by a competition of opposing processes. A longer extraction time provides more thorough contact of water with berberine hydrochloride, which may cause the target compound to move preferably to the bottom phase. Compared with the extraction of vitamin B 6 using the ionic liquid aqueous two-phase system for 8 h, 58 the extraction time of berberine hydrochloride is much shorter in this study. It proves that MIL shows a stronger affinity with the target alkaloid. Moreover, vitamin B 6 is more soluble in water than berberine hydrochloride, which makes this kind of vitamin transfer preferably to the bottom phase and leads to a longer extraction time. In conclusion, 10 min was sufficient for the extraction for berberine hydrochloride to obtain a high partition coefficient and extraction efficiency. Fig. 3(c) . There was no signicant change in the partition coefficient and extraction efficiency in the temperature range of 288.15 K to 338.15 K; therefore, the temperature has less effect on the extraction of berberine hydrochloride and the method has good thermal universality and stability. As such, the extraction experiments can be conducted at room temperature in order to simplify the operation.
Method validation
The performance of this method based on MIL-ATPs combined with HPLC was investigated and evaluated with respect to linearity, inter-and intra-day precision, recovery, limit of detection (LOD) and limit of quantication (LOQ). The calibration curve was prepared based on the linear regression analysis of the peak area versus concentration. As a result, the obtained linear regression equation was y ¼ (5.65 AE 0.03) Â 10 À1 x + (0.59 AE 0.69) Â 10 À1 for the developed ATPs-HPLC analysis, where x was the concentration (mg mL À1 ) of berberine hydrochloride and y was the UV absorbance value of the related peak area, respectively. Nine calibration levels from 0 to 40 mg mL À1 were used to obtain the calibration curve. The correlation coefficient (R 2 ¼ 0.9999) indicated that the working curve had a good linear relationship in the above concentration range, which is wider than that of the uorimetric method with silica nanoparticles as the probe (2.0-50.0 Â 10 À3 mg mL À1 ) 59 and capillary electrophoresis (0.1-13.4 mg mL À1 ) 60 for the same quantitative analysis of berberine.
For the precision, the intra-day and inter-day variation was determined using 20 mg mL 62 for berberine, the proposed method has a lower LOD. The above results prove that the MIL-ATPs-HPLC has unique features among the reported techniques with different characteristics and can make its own contribution to the quantitative analysis of target alkaloids.
Analysis of herbal samples
To investigate the actual extraction performance and content of the target alkaloid in potential herbal samples, the proposed method was applied to the quantitative analysis of berberine hydrochloride in the extract of Rhizoma coptidis. Firstly, the dried roots of the raw material were ground into a homogeneous size and sieved through a 40-mesh lter. Then, 10.0 g of herbal powder was extracted with distilled water (60 mL) for 1.5 h under reux. At the end of the extraction, the extract was ltered and concentrated to 10 mL under vacuum at 60 C. Next, 1.0 mL of the extract was diluted to 10 mL and the analyte from the real herbal sample was obtained. Under the same optimal conditions, the nal enrichment factor of berberine hydrochloride in the [N 1 1 5 2OH ] [TEMPO-OSO 3 ] + K 3 PO 4 + water ATP system was 127.68. The experimental results are illustrated in Fig. 4 . The maximum UV absorption wavelength of the MILs is 245 nm, 31 whereas the detection wavelength in HPLC analysis was set at 345 nm. Meanwhile, the retention time of MIL and berberine was around 4.8 and 7.7 min, respectively; there was no interfering absorption signal coming from the MILs. The enrichment selectivity is ascribed to the difference in intermolecular interaction between berberine-MIL and coexisting MILcompounds. For instance, for protoberberines, it was determined by the difference in substituent groups and their locations, polarity, solubility and partition behaviour between berberine and similar alkaloids. The two methoxy groups in the D ring of berberine can form a long conjugated chain with the benzene ring, and it is easier to become an electron donor 63 and provide stronger electrostatic interactions with MIL. Moreover, it is obvious that the reddish top phase containing the target alkaloid can be easily attracted by a magnet and was assembled for sampling prior to chromatographic analysis. The volume of the upper phase for the analysis of herbal samples was 0.11 mL. As a result, the berberine hydrochloride content in the raw material of Rhizoma coptidis was determined as 123.95 mg g À1 .
As validation, the content was also determined as 124.02 mg g
À1
(mean value of three replicates) according to the method cited in the Chinese pharmacopoeia (ChP, 2015 edition).
Recovery of the top phase containing MIL aer quantitative analysis
In conventional analytical research, the recovery of related reagents aer quantitation work is always ignored, because their consumption is much less than that in preparative separation. Considering the expense of ILs synthesis, this section was specially designed for MIL recovery to save the cost of the above analytical work and realize its recycling for 'green' principles. Aer the extraction and analysis, the top phase of ATPs contained MIL, K 3 PO 4 and berberine hydrochloride, together with other co-existing constituents extracted from the herbal material. Though ILs have obvious advantages over volatile organic solvents, they should be efficiently recovered for the consideration of their environmental and economic aspects. In order to reuse the top phase containing MIL and realize cycle application, an effective separation method for the top phase and those extracted compounds should be developed. The backextraction with organic solvent has been used in previous research. 64 Here, both MIL and berberine hydrochloride are the compounds with similar polarity and dissolution behavior so that it is difficult to separate them by simple partition between water and organic solvents. Therefore, the solid-liquid adsorption method was adopted and D101 resin showed the strong selective adsorption capacity for berberine hydrochloride and other extracted constituents. The specic operation was shown as follows: 0.1 mL of MIL-rich phase was diluted with distilled water to 10 mL and placed in a conical ask. Then, 0.1 g of D101 resin was added, and the conical ask was placed in a water-bath shaker (200 rpm) at room temperature for 20 min. Aer complete adsorption, the solution was centrifuged at 8000 rpm for 3 min. The concentrations of MIL and berberine hydrochloride in the supernatant were determined and the results indicated that [N 1 1 5 2OH ] [TEMPO-OSO 3 ] and K 3 PO 4 could not be adsorbed by this kind of resin, and still existed in the solution. Aer the simple solid-liquid separation, 99.8% MIL was recovered according to HPLC analysis, which could be reused in the next extraction and quantitation process. According to the purity investigation of recovered IL, it can be reused at least four times and then its purity will be below 90%.
Conclusions
In this study, the MIL-ATPs were developed for the selective enrichment and quantitative analysis of berberine hydrochloride from Rhizoma coptidis, which was composed of ve cholinium-based organic magnetic ionic liquids and inorganic salts including K 3 PO 4 , K 2 HPO 4 , K 2 CO 3 , K 3 C 6 H 5 O 7 and Na 3 C 6 H 5 O 7 . It was found that [N 1 1 5 2OH ] [TEMPO-OSO 3 ] and K 3 PO 4 had the best performance for phase formation. Interestingly, the phase-formation ability of MIL-ATPs increased with the increasing temperature; i.e., a high temperature is conducive to the formation of MIL-ATPs, which is opposite to the phase behavior of other ILs. The possible reason is that the hydration ability of the K 3 PO 4 salt increases with an increase in temperature. As a result, water is driven preferably from the MIL-rich phase to the salt-rich phase, which improves the phase-separation ability. Moreover, MIL-solvent interaction decreases with an increase in temperature.
In the following analytical application, the MIL-ATPs based on [N 1 1 5 2OH ] [TEMPO-OSO 3 ] showed the highest extraction efficiency for the target alkaloid among the investigated systems. Under optimal extraction conditions, the partition coefficient of berberine hydrochloride could reach 127.68. Finally, the feasibility of the method was validated and satisfactory results were obtained, which indicate a good linear range of 0-40 mg mL À1 with the precision RSD% (1.40% for intra-day and 2.83% for inter-day precisions). The limit of detection (0.023 mg L À1 ) and limit of quantication (0.077 mg L
À1
) were obtained. Furthermore, good recovery in the range of 97.4-101.2% for berberine hydrochloride was also achieved by this method. Additionally, this method was used to determine the content of berberine hydrochloride in the raw material of Rhizoma coptidis and the result was 123.95 mg g À1 .
Finally, MIL could be recovered through the adsorption method aer HPLC analysis. This study is expected to provide a meaningful reference for the extraction and analysis of natural products by MIL-ATPs from complex samples.
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